To evaluate the pharmacokinetics, safety and tolerability of single and multiple oral doses of maraviroc in healthy volunteers.
Introduction
At the end of 2006, approximately 40 million people were living with human immunodeficiency virus (HIV) infection [1] . The development of different classes of antiretroviral agents for combating HIV infection has increased survival in patients to whom these drugs are available. Nucleoside inhibitors of the HIV reverse transcriptase enzyme (NRTIs) were the first class of drugs used to treat HIV patients on a grand scale. The second and third classes of antiretroviral drugs (ARVs), protease (PIs) and non-NRTI inhibitors, followed in the 1990s and, when used in combination with NRTIs, dramatically increased the survival rate for HIV/AIDS patients.
A hallmark of HIV is the high rate of genetic mutability seen during its replication [2] , which allows the virus to evade host immune response and also to develop resistance to drugs that inhibit replication [3] . Resistance has been demonstrated against all currently used HIV treatments, and hence there is still a high medical need for new agents, with different resistance profiles, that are well tolerated and conveniently administered.
Enfuvirtide (Fuzeon®; Roche, Basel, Switzerland), an injectable peptide inhibitor of HIV attachment to host cells, represents the first agent in a fourth major class of drugs called entry inhibitors that prevent the entry of the HIV-1 virus into cells, effectively precluding infection and viral replication. Whereas enfuvirtide disrupts the interaction between the viral gp41 protein and the CD4 cell surface receptor, it does not affect the interaction between gp120 and CCR5. Inhibition of viral entry through the CCR5 coreceptor is predicted to be clinically effective, as individuals who are homozygous for a mutant allele encoding a 32-base pair deletion in CCR5 (rendering them effectively CCR5 negative) are highly (although not completely) resistant to HIV-1 infection [4] . Furthermore, individuals with polymorphisms potentially resulting in reduced CCR5 expression tend to have slower disease progression and lower viral loads [5] . CCR5-tropic viruses predominate in primary infection and early disease stages, but even in antiretroviral-treated patients with detectable viraemia, >50% still carry CCR5-tropic virus exclusively [6] .
Maraviroc is a potent, orally bioavailable CCR5 antagonist recently approved for use along with other antiretroviral agents for treatment-experienced patients infected with CCR5-tropic HIV-1. Maraviroc has been shown to be effective and well tolerated in preclinical [7, 8] and clinical studies [9] [10] [11] . Here, we present data from three Phase I clinical studies describing the pharmacokinetics, safety and tolerability of escalating oral doses of maraviroc in healthy subjects.
Methods

Subjects
Subjects were healthy male and female volunteers aged 18-45 years, with body weight between 60 and 100 kg for men and between 50 and 100 kg for women, and a body mass index of 18-28 kg m -2 . Female participants had to be postmenopausal, surgically sterilized or practising accepted methods of contraception for 3 months before entering the study and had to have negative pregnancy tests before and during the study.
Subjects were excluded if they had any evidence of clinically significant disease or allergies, especially drug hypersensitivity, or clinically significant abnormalities identified by laboratory testing or physical examination; were taking or had taken any prescribed or over-thecounter medication (with the exception of paracetamol, up to 3 g day -1 ) in the 3 weeks before the first dose of study medication; had received any investigational drug within the previous 4 months prior to the first dosing day of the study; had evidence of drug abuse or excessive alcohol or cigarette use; tested positive for HIV-1, hepatitis C virus, or hepatitis B virus; or had a history of cardiac dysrhythmias (studies 1 and 2 only). Women who were lactating were also excluded. All subjects provided written informed consent before participating in these studies.
Study designs
All three studies were double-blind (third party open), placebo-controlled studies designed to assess the safety, toleration and pharmacokinetics of maraviroc (Table 1) . In all studies, subjects were randomized to various treatment arms using a computer-generated pseudorandom code. Predefined rules for stopping dose escalation were in place for all studies, and each dose was administered to subjects only if the previous dose level had been well tolerated. All subjects had a screening visit within 4 weeks of the first dose and a follow-up visit 7-10 days after the last dose. Study 1 was a dose-escalating, four-way crossover study in two parallel cohorts of 12 subjects each. Subjects received single oral solution doses in each dosing period, and doses were separated by at least 7 days. Subjects received escalating maraviroc doses, with one dosing period substituted by placebo. For dosing and schedules, see Table 1 . Subjects fasted from 22.00 h the day before each dose until at least 4 h postdose.Maraviroc was administered under supervision with 250 ml of water, except for the 1200-mg dose, which was administered with up to 450 ml of water. Other fluids were restricted 1 h pre-and postdose. Subjects ate a standard lunch and dinner after providing the 4-and 10-h blood samples, respectively.
Study 2 was a parallel-group study consisting of six separate cohorts of 12 subjects each (Table 1) . Subjects were administered single oral doses on study day 1, followed by q.d. or b.i.d. dosing on days 3-11. Subjects in cohorts 1-5 were randomized to receive study drug or double-blind placebo in a 3 : 1 ratio, whereas subjects in cohort 6 were randomized to receive either 3 mg or 10 mg or double-blind placebo in a 5 : 5 : 2 ratio. A final dose was administered to all cohorts on the morning of day 12. Doses of 3-300 mg were administered as solution, and the 600-mg dose was given as four 150-mg tablets. Subjects were fasted from midnight until at least 2 h postdose, except on days -1, 1, 7 and 12, when they were fasted until 4 h postdose. Maraviroc was administered under supervision with 250 ml of water; other fluids were restricted 1 h pre-and postdose. A standard breakfast, lunch, a light snack (if desired) and dinner were served daily. Breakfast was not served on days -1, 1, 7 and 12.
Study 3 was a parallel-group study consisting of three separate cohorts of 12 subjects each (Table 1) . Subjects in all cohorts were randomized to receive study drug or double-blind placebo in a 3 : 1 ratio. Subjects allocated to study drug received a lower dose level or placebo on days 1 through 7, followed by an escalation to a higher dose level on days 8 through 14. Maraviroc was administered as 100-mg tablets. Subjects allocated to placebo stayed on it from days 1 through 14. For dosing and schedules, see Table 1 . On days 1-14, treatment was administered between 08.00 h and 10.00 h, and between 20.00 h and 22.00 h. Subjects on a q.d. regimen received their treatment in the morning only. Subjects ate a standard breakfast 1 h postdose and had lunch, dinner and evening snack 4, 9 and 13 h post morning dose, respectively. Subjects fasted from 22.00 h the evening before dosing on days 1, 7 and 14, and fluids were restricted 1 h pre-and postdose.
Pharmacokinetic assessments
Blood and urine samples All blood samples were collected into beadless, heparinized tubes. Plasma samples were isolated by centrifugation and stored at -20°C within 1 h of collection. All urine samples were collected and stored at -20°C until assayed. In study 1, blood samples were collected predose and at intervals up to 24 h postdose. Additional samples were taken at 36 and 48 h postdose for subjects who received 900-mg and 1200-mg doses. Urine samples were also collected from subjects predose and up to 24 h postdose. In study 2, blood samples were collected on day 1 predose and at intervals up to 12 h postdose for cohort 6 and up to 48 h postdose for cohorts 1-5. During the multiple-dose phase, blood samples were taken predose in the morning on days 3-12 and at intervals up to 12 h postdose on day 7 and up to 72 h postdose on day 12. Cohort 3 stopped dosing on day 7 due to poor toleration. Consequently, the additional samples (18-72 h) planned for day 12 were taken following the morning dose on day 7 for this cohort. There was no 72-h postdose blood sample collected for cohort 6 on day 12. Urine samples were collected predose in the morning on days 1, 7 and 12 and postdose on days 1 and 12 (up to 24 h postdose), and day 7 (up to 12 h postdose); no day 12 urine was collected for cohort 3. In study 3, blood samples were collected before the morning dose on days 1 through 14 and at intervals up to 12 h after the morning dose on days 1, 7 and 14. Urine samples were collected predose on day 1 and up to 12 h post morning dose on days 1, 7 and 14.
Assay details Plasma samples were analysed by liquid chromatography/tandem mass spectrometry (LC/MS/MS). In study 1, the overall assay quality control (QC) imprecision values for the MS-MS analysis of maraviroc plasma concentration were 8.7%, 8.2% and 8.0% and the respective percentage inaccuracies were 2.9%, -0.1% and -3.4% at the target concentrations of 0.5, 10 and 40 ng ml -1 . The 200 ng ml -1 diluted QC sample gave an overall imprecision of 10.9% and an overall inaccuracy of -7.0% based on dilution factors of between one in five and one in 150. The calibration range was 0.25-50 ng ml -1 . In study 2, the overall method imprecision values for the analysis of plasma QC samples for cohorts 1-5 were 8.57%, 3.28%, 2.64%, 1.85%, 2.12% and 3.82%, and the percentage inaccuracy was 0.144%, -1.31%, -1.03%, 1.27%, 1.71% and -1.30% at target concentrations of 1.5, 60, 160, 1500 (¥10 dilution), 1500 (¥20 dilution) and 160 (¥5 dilution) ng ml -1 , respectively. For cohort 6, the imprecision values were 12.6%, 2.7% and 2.7% and the percentage inaccuracy was -0.8%, -1.3% and -1.0% at target concentrations of 0.3, 5 and 8 ng ml -1 . The calibration range was 0.5-200 ng ml
and 0.1-10 ng ml -1 for cohorts 1-5 and cohort 6, respectively. In study 3, the overall method imprecision values for the analysis of plasma QC samples were 7.8%, 5.3% and 5.1% at target maraviroc concentrations of 1, 90 and MVC PK and safety in healthy volunteers 180 ng ml -1 , respectively.The mean inaccuracy of the assay ranged from -1.6% to 4.5%. The calibration range was 0.5-200 ng ml -1 . Maraviroc concentrations in urine were analysed using LC/MS/MS. The overall QC imprecision values for the highperformance liquid chromatography (HPLC) MS-MS analysis of maraviroc urine concentration were 4.0%, 6.1% and 4.2% at concentrations of 15, 500 and 800 ng ml -1 , respectively.The overall inaccuracy of the assay as determined by the same QC samples was 13.4%, 8.6% and 6.5%, respectively.The calibration range was 5-1000 ng ml -1 . In study 2, the overall method imprecision values for the analysis of urine QC samples were 12.0%, 4.7% and 5.3% at concentrations of 15, 500 and 800 ng ml -1 , respectively.The overall inaccuracy of the assay was 3.8%, 3.5% and 1.7%, respectively.The calibration range was 5-1000 ng ml -1 . In study 3, the overall method imprecision values for the analysis of urine QC samples were 7.8%, 5.7% and 4.1% for maraviroc at target concentrations of 15, 300 and 900 ng ml -1 , respectively. The mean inaccuracy of the assay ranged from -1.3 to 11.3%. The calibration range was 5-1000 ng ml -1 .
Debrisoquine metabolic ratio In study 2, the debrisoquine metabolic ratio (MR) was determined as an indicator of cytochrome P450 enzyme 2D6 (CYP2D6) inhibition in cohorts 1-5. Subjects received a single oral debrisoquine tablet (10 mg) alone on day -1 and another on day 10, administered immediately after maraviroc or placebo. Urine was collected up to 8 h following the debrisoquine dose, for determination of debrisoquine and its major metabolite, 4-OH-debrisoquine. Debrisoquine and 4-OHdebrisoquine concentrations were determined by use of a HPLC method at Biodynamics Research, Ltd (Walton, UK). The QC samples met the predefined acceptance criteria that at least two-thirds of them were within 15% of their respective nominal concentrations and there was at least one acceptable QC at each concentration.
6b-OH cortisol/cortisol ratio
Urine samples were also taken in study 2 from -12 to 0 h on day -1 and from 12 to 24 h after the morning dose on day 9 to assess the endogenous 6b-OH-cortisol/cortisol ratio as an indicator of CYP3A4 activity. Cohort 3 subjects had urine collected on day 7 instead of day 9. The 6b-OH cortisol/cortisol ratio in urine was determined using a previously validated LC/MS/MS method at BAS Analytics, Ltd (Kenilworth, UK). Quantification was acceptable if the intrabatch precision [coefficient of variation (CV)] was <15% (<20% at the lower limit of quantification) and the mean inaccuracy (bias) was within 15% (20% at the lower limit of quantification). The calibration range was 10-2000 ng ml
and 5-1000 ng ml -1 for 6b-OH-cortisol and cortisol, respectively.
Pharmacodynamic assessments
Preclinical pharmacology studies showed maraviroc to have weak affinity for seven transmembrane receptors other than CCR5 (including m opioid and muscarinic receptors -data on file). Although the affinity was weak, selected pharmacodynamic assessments were carried out to assess any clinical relevance of these activities.
Salivary flow was measured predose and at 2 and 4 h postdose in studies 1 (cohorts 1-5) and 2 and also at 24 h postdose in study 1. Subjects swallowed all saliva and then sucked on a sweet, dispensed from a preweighed (with the sweet) container for 1 min without chewing, crunching or swallowing.They then expelled the sweet along with saliva into the container, which was then reweighed. The difference between the two weights was the salivary flow rate (ml min -1 ). Visual near point and pupillometry were measured in study 1 and study 2 (cohorts 1-5). For study 1, these parameters were measured predose and at 2, 4 and 24 h postdose. In study 2, visual near point and pupillometry were evaluated at screening (visual near point only); day -1; predose; and then at 2 and 4 h postdose on days 1, 7 and 12. The measurements were only taken after the morning dose. Cohort 3 had measurements taken on days -1, 1 and 7. Visual near point (cm) was the distance, as measured with the Royal Air Force (RAF accommodation and vergence measurement) rule, in which a standard piece of text had to be moved away from the face before the first line came into focus. Pupil diameter was measured using a commercially available pupillometer.
CCR5 receptor occupancy was also determined in studies 1 and 2. These data are presented separately [12] . Immune effector monitoring was performed in several early studies, the results of which will be discussed in a separate publication [13] .
Safety assessments
Subjects were monitored for adverse events (AEs) throughout the studies, had blood and urine samples taken for laboratory safety tests, and underwent comprehensive physical examinations at appropriate intervals in all three studies.
In study 1, supine blood pressure and pulse rate were measured at screening, predose, and at specified times up to 24 h postdose and at follow-up. Subjects were monitored with continuous telemetry from at least 30 min predose to 8 h postdose and had 12-lead electrocardiograms (ECGs) predose and at specified times up to 24 h postdose.
In study 2, safety parameters included extensive supine and standing blood pressure and pulse rate, 12-lead ECG measurements, and lipid profile tests. Cohorts 2, 3 and 5 (300 mg b.i.d. and 600 mg q.d. doses) also had cardiac monitoring using a Recollect™ (Quantum Research UK Ltd, Welwyn Garden City, UK) recording device from at least 30 min predose on day -1 until at least 24 h after the last dose of study medication.
S. Abel et al.
In study 3, subjects had supine and standing blood pressure and pulse rate and 12-lead ECG measurements taken at specified times.
Ethics Approval was obtained for all studies, and all subjects gave written informed consent prior to participation. All studies were conducted in compliance with the ethical principles set forth in the Declaration of Helsinki (1989) and with local laws and regulations relevant to the use of new therapeutic agents in Belgium and the UK.
Pharmacokinetic analysis
The following pharmacokinetic parameters were calculated for maraviroc in at least one of the three studies:
Aet 
Pharmacodynamic analysis
The following pharmacodynamic parameters were calculated for maraviroc in at least one of studies 1, 2 and 3: AUEC0-4/4 Mean change from baseline in average blood pressure and pulse rate over 4 h postdose AUEC(0-x) The area under the effect curve of blood pressure change from baseline vs. time from 0 to x, where x = 4 or 12 h Maximum decrease in blood pressure (supine, standing, systolic and diastolic) Maximum increase in supine and standing pulse rate Maximum postural change in blood pressure and pulse rate (= standing -supine; systolic and diastolic)
Maximum decrease in salivary flow Maximum increase in visual near point Maximum increase in initial, minimum and maximum pupil diameter Maximum decrease in pupil constriction velocity % receptor (CCR5) occupancy
Statistical analysis
Sample sizes in studies 1, 2 and 3 were chosen as a compromise between combinations of the following: (i) the need to minimize the exposure of human subjects to a new chemical entity; (ii) the need to provide sufficient safety and tolerability data; and (iii) the need to maintain sufficient residual degrees of freedom to enable useful conclusions to be drawn. Summary statistics were calculated for all maraviroc pharmacokinetic parameters in all three studies. For study 1, pharmacokinetic parameters AUC, Cmax, Tmax and t1/2, and pharmacodynamic parameters salivary flow, visual near point, and pupillometry end-points were analysed using analysis of variance (ANOVA).
For study 2, pharmacokinetic parameters AUCt, Cmax, Tmax and t1/2 were analysed using ANOVA. Debrisoquine/ 4-OH debrisoquine metabolic ratio at baseline vs. on-treatment, and 6b-OH-cortisol/cortisol ratio at baseline vs. on treatment were compared using ANOVA.
For study 3, pharmacokinetic parameters AUC12, Cmax and Tmax were analysed using ANOVA. Day 7 vs. day 1 comparisons for AUC12 estimated the accumulation ratios. Day 14 vs. day 7 comparisons for AUC12 estimated the increase in exposure given the increase in dose.
The standard errors and 95% confidence intervals (CIs) for the comparisons were presented. Log-transformed data were back-transformed to provide the ratio between doses and associated 95% CIs.
QTcF (QT interval corrected for heart rate using Fridericia's formula; QTcF = QT/RR 1/3
) and QTcP (a study-specific population QTc value derived using the predose and placebo data for all subjects to correct for variations in heart rate; QTcP = QT/RR slope (av) , where average slope was 0.267 and 0.28 for studies 1 and 2, respectively) were calculated for at least two of the three studies.
Results
Subjects
There were 24 male subjects in study 1, who ranged in age from 21 to 45 years (mean 28.6 years) and in weight from 61 to 93 kg (mean 76.3 kg). All subjects were White except for one Black subject.There were 72 male subjects in study 2, ranging in age from 18 to 41 years (mean 29.3 years) and in weight from 59 to 93 kg (mean 75.4 kg); 66 (92%) were White, three (4%) Black, and three (4%) were of another race. There were 36 subjects in study 3 (19 male and 17 female) ranging in age from 18 to 44 years (mean 31.3 years). All subjects were White.The weights of the men ranged from 61 to 91 kg and of the women from 50 to 86 kg (total mean 74.6 kg).
Pharmacokinetics
Plasma pharmacokinetics Maraviroc was absorbed, with Tmax generally occurring between 0.5 and 4 h in all studies (Figures 1 and 2) . Maraviroc Tmax did not appear to change with dose or duration of dosing. The pharmacokinetics of maraviroc (Cmax and AUC) after oral dosing were nonproportional across the dose range (1-1200 mg) in study 1 (Table 2) , although the degree of nonproportionality seemed to decrease with increasing dose (Figure 3) . Following single oral doses, mean t1/2 was approximately 9-14 h in study 1. Mean t1/2 values appeared to increase from single to multiple dosing (study 2); however, estimates are highly dependent on the sampling duration postdose, and hence the apparent difference in t1/2 may be artefactual. Coefficients of variation for Cmax and AUC parameters at doses Ն100 mg were typically within the range of 20-40%, suggesting moderate intersubject variability.
Dosing in the range of 3-600 mg was examined during the 12-day treatment period in study 2. Pharmacokinetic parameters for all cohorts determined on days 1, 7 and 12 are summarized in Table 3 .Visual inspection of trough concentrations in studies 2 and 3 suggests that steady state was achieved for all doses by 7 days of dosing (Figure 4) .
Maraviroc accumulated in plasma upon multiple dosing in study 2, with mean accumulation (AUCt) ratios (day 12/day 1) on day 12 ranging from 134% to 206% following 10-300-mg b.i.d. dosing and 123% following 600-mg q.d. dosing (Table 4 ). The pharmacokinetic parameters for study 3 are summarized in Table 5 .The mean accumulation ratios were 1.21 and 1.20 after 300 and 600 mg b.i.d. for 7 days, respectively, whereas the ratios for Cmax were 1.14 and 1.07, respectively. The mean accumulation ratio was 1.09 after 900 mg q.d. for 7 days with no change in Cmax. A doubling of the dose from 300 to 600 mg b.i.d. increased AUC12 and Cmax by 2.4-fold and 2.2-fold, respectively (Table 6) .
Urine pharmacokinetics Study 1 demonstrated that although the percentage of unchanged drug recovered in urine increased with dose (1.5% following 1-mg single dose to 12% following 1200-mg single dose), renal clearance (CLR) remained constant across the dosing range (Table 2 ) and appeared similar following single and multiple dosing (study 2, data not shown), indicating no change in renal clearance with dose or time.
Debrisoquine and cortisol MR There was no apparent difference in debrisoquine MR with or without maraviroc at doses up to and including 300 mg b.i.d. (Table 7) . At 600 mg q.d., there was an increase in MR on treatment compared with baseline, suggesting some potential of maraviroc to inhibit weakly CYP2D6 metabolism at this dose; however, no subjects were converted to CYP2D6 poor metabolizers (i.e. no debrisoquine MR >12.6). The 6b-OH-cortisol/cortisol ratios were similar in the presence and absence of maraviroc at all doses, indicating that maraviroc (up to 600 mg q.d.) does not inhibit or induce CYP3A4.
Pharmacodynamics
There were no clinically relevant changes in pharmacodynamic parameters, including salivary flow, visual near point, and pupillometry, assessed at intervals up to 24 h postdose in studies 1 and 2 (data not shown).
Safety and tolerability
There were no serious AEs reported in these three studies. Most AEs were mild or moderate in severity and resolved without intervention. In study 1, there were no discontinuations or dose reductions due to AEs and no treatment-related AEs reported at doses <100 mg. The only treatment-related AEs were abdominal pain (1/9) with 100 mg and asthenia (1/9) and headache (1/9) with 300 mg. At the higher doses, the most common treatment-related AEs were asthenia (five subjects each in the 900-and 1200-mg groups), postural hypotension reported by four subjects in the 1200-mg group, and headache reported by three subjects in the 1200-mg group (Table 8) . Postural hypotension was considered the dose-limiting AE in this study. There were no clinically significant laboratory value abnormalities or discontinuations due to abnormal laboratory results. There were no subjects with a QTc Ն450 ms or an increase in QTc from baseline of Ն60 ms. There was no evidence of changes in supine blood pressure, pulse rate, or QTc with doses of maraviroc up to 900 mg. Mean Table 2 Mean maraviroc pharmacokinetics for single oral doses ranging from 1 mg to 1200 mg (study 1) supine pulse rate did increase by 9.7 bpm at 1 h after administration of the 1200-mg dose. In addition, there was evidence of a potential QTc effect at 1200 mg, with a mean QTcF increase from baseline of 10.7 ms at 2 h postdose. When the population-specific QTc (QTcP) was analysed, the mean increase from baseline was 7.8 ms. The difference in these parameters is indicative of the sensitivity of QTc correction factors to changes in pulse rate.
The effect of maraviroc on QTc was further investigated in a thorough QT study [14] .
In study 2, there were four discontinuations due to treatment-related AEs: three in the 600-mg dose group (cohort 3; two after maraviroc 600 mg q.d., one after placebo) due to severe postural hypotension, and one in the 3-mg dose group (cohort 6) due to elevated hepatic transaminases. The entire cohort 3 (600 mg q.d./placebo) was discontinued on day 7 owing to severe postural hypotension experienced by the three subjects cited above (2/9 on 600 mg q.d. maraviroc, 1/3 on placebo). This dose was well tolerated when given to a second group of subjects (cohort 5), with only one subject experiencing a mild episode of postural hypotension. Table 9 summarizes treatment-related AEs for study 2.
Table 5
Mean maraviroc pharmacokinetics (study 3) *Unadjusted geometric mean. †Unadjusted arithmetic mean. ‡Parameters on day 1 and day 7 were measured after the lower dosing level and on day 14 after 7 days of the higher dosing level. Table 6 Statistical analysis of AUC12, Cmax and Tmax (study 3)
Maraviroc dose Day AUC12* (ng ml
-
Maraviroc dose Comparison AUC12 ratio % (95% CI)
Cmax ratio % (95% CI) Tmax difference (95% CI) Table 7 Maraviroc effects on debrisoquine and cortisol metabolism (study 2) *Results for cohort 3 are from day 7 instead of day 9. nd, no data.
Maraviroc dose Assessment Debrisoquine/4-OH-debrisoquine ratio 6b-OH-cortisol/cortisol ratio Placebo
As mentioned, there was a single discontinuation in the 3-mg dose group due to increased hepatic transaminases. This subject also showed mild elevation of alanine aminotransferase at screening (66 IU l -1 ), and the observed increase to more than three times the upper limit of normal (ULN) occurred concurrent with an episode of food poisoning. There were eight subjects out of the total of 72 who exhibited transaminase levels above the ULN during the study.These elevations were mild and showed no dose relationship. With the exception of one subject in the 100-mg b.i.d. group, whose gamma glutamyl transpeptidase levels rose to more than three times ULN during the study, no other subjects who had normal serum liver enzyme levels at baseline experienced increases three or more times times ULN, and there was no associated increase in bilirubin or alkaline phosphatase in any subject with increased serum liver enzyme markers.
There were apparent dose-related increases in total cholesterol and low-density lipoprotein (LDL)-cholesterol compared with baseline, although it should also be noted that the median baseline values appear to be higher in the placebo subjects than in those receiving maraviroc. Table 10 shows the median baseline and median change from baseline to last observation in total cholesterol, highdensity lipoprotein-cholesterol, LDL-cholesterol and triglycerides for each maraviroc dose and placebo.
Compared with placebo, there were dose-related increases in the mean maximum decrease from baseline (over 0-4 h) for standing systolic blood pressure for 300 mg b.i.d. and 600 mg q.d. and for standing diastolic blood pressure for 600 mg q.d. (Table 11 ). These trends were not observed for supine blood pressure. There was an increase in the maximum change from baseline for standing pulse rate (bpm) at 600 mg q.d. compared with placebo. There was no obvious clinically relevant treatment-related effect on the QTc interval over the dose range and duration studied and there was no clear relationship between maraviroc plasma concentration and QTc. Table 8 Treatment-related adverse events in study 1 Table shows adverse events that were reported by more than one subject in any treatment group. Table 9 Treatment-related adverse events in study 2 In study 3, two subjects discontinued treatment due to AEs, one considered unrelated to treatment and one due to a rash after taking placebo for 3 days, which was considered treatment-related. The most common treatment-related AE was dizziness (Table 12) . One subject experienced severe dizziness after a 600-mg b.i.d. dose (cohort 2), and three subjects in the 900-1200-mg q.d. cohort experienced severe postural hypotension. There were no discontinuations due to abnormal laboratory test results, and no clear pattern in changes in laboratory tests at any dose.There was no significant effect on mean supine systolic or diastolic blood pressure. There were decreases in mean standing blood pressure and increases in mean pulse rate at all doses, and the magnitude of the effect increased with dose (Table 13 ).There were no clinically significant changes in ECG parameters.
Discussion
Because of the frequent emergence of HIV genetic variants that are resistant to existing therapies,there is a compelling need to develop new drugs that target different phases of the virus' life cycle. Orally bioavailable inhibitors of HIV entry represent a potential major advance in the treatment of HIV-infected patients. Blocking the CCR5 receptor prevents entry of HIV into host cells and therefore should reduce viral load.Pharmacological studies have shown that maraviroc is highly specific for CCR5 [11] . Although maraviroc exhibited some weak affinity for the muscarinic and opioid receptors in the rat brain, appreciable binding to these receptors occurred only at concentrations near 10 mM (data on file), roughly 2000-fold higher than the mean antiviral IC90 [7] and approximately 25-fold higher than the mean free Cmax at 300 mg b.i.d. observed in studies 2 and 3, predicting negligible biological significance for these interactions.The results of pharmacodynamic assessments, designed to reveal any interaction with these cell surface receptors, showed no physiological changes following maraviroc dosing in these clinical studies.
Assessment of maraviroc pharmacokinetics and tolerability in human subjects is critical for determining safety, appropriate dosing, and feasibility of further efficacy studies.Pharmacokinetics and safety of single and multiple oral doses up to 900 mg b.i.d. and 1200 mg q.d. are described here, and results indicate that maraviroc is Table 11 Mean maximum decreases from baseline for standing blood pressure and mean maximum increases from baseline for standing pulse rate over 0-4 h postdose (study 2) absorbed with a Tmax occurring within 4 h of dosing. Steady-state plasma concentrations were achieved by 7 days of dosing at all doses. Up to 12% of the maraviroc dose was excreted unchanged in the urine, and renal clearance was unaffected by dose or time.
The pharmacokinetics of maraviroc appeared to be nonproportional across the dose range studied. The degree of nonproportionality appeared greatest at doses Յ100 mg. This nonproportionality has been further studied in a population pharmacokinetic meta-analysis of maraviroc in healthy subjects and HIV patients [15] . Maraviroc is a substrate for the transporter P-glycoprotein (Pgp) which is thought to limit the absorption of many compounds [8] . It is hypothesized that at low intestinal concentrations of maraviroc, Pgp mediates efflux of maraviroc back into the lumen of the small intestine, thereby limiting the amount of maraviroc that is absorbed, resulting in reduced bioavailability and exposure. As the dose of maraviroc increases and concentrations in the gut lumen increase, Pgp efflux may become saturated and reduce the ability of Pgp to limit bioavailability. A similar mechanism has been suggested for other compounds exhibiting nonproportional pharmacokinetics [16] .
Maraviroc's effects on the activity of CYP2D6 and CYP3A4 were evaluated to assess the potential for adverse drug-drug interactions. Maraviroc did not appear to affect debrisoquine MR (an indicator of CYP2D6 activity) at doses up to 300 mg b.i.d. At 600 mg QD, the mean debrisoquine Table 12 Treatment-related adverse events in study 3 0 0 1 2 3 3 0
Eye pain 1 0 0 1 2 1 1 *Table shows adverse events that were reported by more than one subject in any treatment group. †The investigator term for all the cases of conjunctivitis was bloodshot eyes.
Table 13
Mean maximum decreases from baseline for blood pressure and mean maximum increases from baseline for pulse rate (study 3) MR was higher in the presence of maraviroc, suggesting a potential for weak CYP2D6 inhibition at this dose. However, it should be noted that none of the subjects' MRs rose above 12.6, a value above which subjects are considered to be CYP2D6 poor metabolizers. The 6b-OH-cortisol/ cortisol ratio was unaffected by the presence of maraviroc at all doses studied (up to 600 mg q.d.), suggesting no induction or inhibition of CYP3A4. Another study examining the influence of maraviroc on other drugs has revealed no clinically relevant effect on exposure of midazolam [17] , a probe CYP3A4 substrate, consistent with a lack of influence on the activity of this major drug-metabolizing enzyme. Maraviroc was well tolerated at single oral doses up to 900 mg, with asthenia and headache being the most common AEs and the majority of AEs being described as mild to moderate in nature. Supine blood pressure and pulse rate were not affected at doses up to 900 mg.Multiple doses of maraviroc were well tolerated up to 300 mg b.i.d., with few AEs.The dose-limiting adverse event in study 1 was postural hypotension (4/9 subjects at 1200 mg). In study 2, cohort 3, postural hypotension was reported on day 7 by three subjects (2/9 on 600 mg q.d. maraviroc and 1/3 on placebo). When a different group of subjects in study 2 (cohort 5) were administered the same 600-mg q.d. dosing regimen, only one subject reported mild postural hypotension. There were no reports of postural hypotension in the 600-900-mg b.i.d.cohort in study 3,although dizziness was reported. The reporting of postural hypotension in study 3 was confined to the 900-1200-mg q.d. cohort. It should be noted that in all of the studies, these events generally occurred within the first 4 h after dosing. Whilst this is also the time period associated with peak maraviroc concentrations, it is also the period over which subjects are generally fasted and relatively inactive, except for standing for postural blood pressure assessments. The relevance of the incidence of these events under these circumstances to a real-life situation is currently unclear.
The incidence of AEs (including postural hypotension) at doses up to and including 300 mg b.i.d. maraviroc was similar to placebo.The results of study 3 suggest there was no obvious toleration benefit of titrating to a higher dose of maraviroc.
No clinically significant changes in QTc were observed for single oral maraviroc doses up to 900 mg. There was evidence of a potential QTc effect after dosing with 1200 mg single-dose maraviroc; however, the magnitude of the effect was highly dependent on the correction factor used. No clinically significant changes in QTc were observed in study 3, which investigated doses up to 1200 mg q.d. for 7 days. No subject in any study had a QTc value of Ն450 ms or an increase from baseline of Ն60 ms. The importance of appropriately correcting QTc for changes in heart rate is well recognized [18] , The QTcP values calculated in studies 1 and 2 employed populationspecific correction factors to increase the accuracy of the QTc measurement. Another Phase I maraviroc study specifically addressing potential effects on QT interval [14] has shown that maraviroc does not significantly impact QTc at clinically relevant doses.
Hepatic safety and monitoring of liver enzymes is a critical consideration in the development of any new drug. Although several subjects showed increases in hepatic transaminases during study 2, there was no clear relationship with dose,and most cases were not significantly above the ULN. None of the increases in transaminases was associated with increases in bilirubin. Small apparently doserelated increases in total cholesterol and LDL-cholesterol were seen in study 2.However the clinical relevance of these changes in an inpatient setting where subjects have a change in diet and lifestyle is unclear. Subsequent to this study,a 28-day study examining the safety and toleration of maraviroc 100-mg and 300-mg b.i.d. doses in healthy volunteers confirmed that these doses were well tolerated, with no trend changes in liver enzymes, lipid profile, blood pressure, pulse rate or ECG parameters [19] .
In summary, the pharmacokinetic and safety profile of maraviroc ascertained in these three studies supported its further clinical development.
